Nitrospira are chemolithoautotrophic nitrite-oxidizing bacteria that catalyze the second step of nitrification in most oxic habitats and are important for excess nitrogen removal from sewage in wastewater treatment plants (WWTPs). To date, little is known about their diversity and ecological niche partitioning within complex communities. In this study, the fine-scale community structure and function of Nitrospira was analyzed in two full-scale WWTPs as model ecosystems. In Nitrospira-specific 16S rRNA clone libraries retrieved from each plant, closely related phylogenetic clusters (16S rRNA identities between clusters ranged from 95.8% to 99.6%) within Nitrospira lineages I and II were found. Newly designed probes for fluorescence in situ hybridization (FISH) allowed the specific detection of several of these clusters, whose coexistence in the WWTPs was shown for prolonged periods of several years. In situ ecophysiological analyses based on FISH, relative abundance and spatial arrangement quantification, as well as microautoradiography revealed functional differences of these Nitrospira clusters regarding the preferred nitrite concentration, the utilization of formate as substrate and the spatial coaggregation with ammonia-oxidizing bacteria as symbiotic partners. Amplicon pyrosequencing of the nxrB gene, which encodes subunit beta of nitrite oxidoreductase of Nitrospira, revealed in one of the WWTPs as many as 121 species-level nxrB operational taxonomic units with highly uneven relative abundances in the amplicon library. These results show a previously unrecognized high diversity of Nitrospira in engineered systems, which is at least partially linked to niche differentiation and may have important implications for process stability.
Introduction
Nitrification, the sequential oxidation of ammonia to nitrite to nitrate, is a key nitrogen cycling process in oxic ecosystems and an important step of biological wastewater treatment. Nitrification is a two-step process carried out by chemolithoautotrophic ammonia-oxidizing bacteria and archaea (AOB, AOA) and nitrite-oxidizing bacteria (NOB).
In the environment and in wastewater treatment plants (WWTPs), the most diverse and often predominant known NOB are mainly uncultured members of the genus Nitrospira (Burrell et al., 1998; Juretschko et al., 1998; Daims et al., 2001a; Freitag et al., 2005; Off et al., 2010) . Within this genus, six phylogenetic main lineages have been described that occur in a wide range of habitats (Daims et al., 2001a; Lebedeva et al., 2008; Off et al., 2010) . In addition, we recently detected an immense diversity of coexisting Nitrospira from these six and several novel lineages in various soils by amplicon pyrosequencing the nxrB gene, which codes for subunit beta of nitrite oxidoreductase and is a useful functional and phylogenetic marker for Nitrospira (Pester et al., 2013) .
Most Nitrospira in WWTPs are affiliated to the main lineages I or II (Daims et al., 2001a; Maixner et al., 2006) . These two lineages can coexist in the same full-scale WWTPs or lab-scale reactors (Schramm et al., 1998; Maixner et al., 2006; Park and Noguera, 2008) apparently without competitive exclusion and based on ecological niche partitioning. Past research showed that lineage I Nitrospira preferred a higher nitrite concentration than lineage II , but lineage II Nitrospira were better adapted to elevated levels of dissolved oxygen (Park and Noguera, 2008) . However, it remains unclear whether the main lineages represent the functionally relevant scale of Nitrospira diversity. If these lineages comprise an additional diversity of more closely related clades, which still differ in ecophysiological traits and can coexist by niche partitioning, a higher phylogenetic resolution than the main Nitrospira lineages may be needed to understand the biology of nitrite oxidation.
For other bacterial groups, highly diverse communities of closely related, coexisting members were reported based on marker gene or metagenomic sequence analyses (e.g., Acinas et al., 2004; Cuadros-Orellana et al., 2007; He et al., 2007; Woebken et al., 2008; Denef et al., 2010; Albertsen et al., 2012; Ngugi and Stingl, 2012) . However, the functional differentiation of closely related uncultured microbes has not been investigated directly in the source communities by in situ techniques. Here, we tackled this issue by combining phylogenetic analyses of Nitrospira 16S rRNA genes with single-cell in situ tools. This cultivationindependent approach allowed us to investigate the fine-scale community structure and ecophysiology of uncultured Nitrospira, below the phylogenetic level of the main lineages, in two full-scale nitrifying WWTPs. Additionally, the Nitrospira diversity in one WWTP was explored in great depth by amplicon pyrosequencing the nxrB gene.
Materials and methods
Sampling and fixation of activated sludge Activated sludge was sampled from an aerated, nitrifying activated sludge basin (tank no. 2) of the full-scale WWTP of the University of Veterinary Medicine, Vienna, Austria ('WWTP Vetmed') in March, April and July 2004 , May and June 2007 , November 2008 , February and October 2009 and in July and October 2010 . This WWTP consists of two continuously operated activated sludge tanks, each with a volume of 254 m 3 . The influent wastewater composition, including the N-load, varies with the amounts of animal feces and other sewage. The effluent of WWTP Vetmed is subsequently treated by the main municipal WWTP of the city of Vienna. Nitrifying activated sludge samples were also taken from a sequencing batch reactor, which treats reject water from sludge dewatering after anaerobic digestion, at the municipal full-scale WWTP of Ingolstadt (Germany) Nitrospira partial 16S rRNA genes were PCR-amplified using primers 8F (Hicks et al., 1992; Juretschko et al., 1998) and Ntspa1158R according to the protocol of Maixner et al. (2006) with the following modifications: initial denaturation for 5 min at 95 1C, primer annealing at 58 1C and final elongation for 10 min at 72 1C. PCR products were cloned by using the TOPO TA cloning system (Invitrogen, Carlsbad, CA, USA), and Sanger sequencing was performed by using the BigDye Terminator Cycle Sequencing Kit v.3.1 and an ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions.
Nitrospira 16S rRNA sequences were phylogenetically analyzed by using the ARB software (Ludwig et al., 2004) and a sequence database containing 345 almost full-length (41350 nucleotides) reference sequences from the phylum Nitrospirae, which had been retrieved from GenBank. Sequence alignments generated by ARB were manually refined. To check for chimeric sequences, each sequence was separated into two equal parts. The 5 0 and 3 0 parts were independently added to a Nitrospira reference tree by using the parsimony interactive tool of ARB without changing the overall tree topology, and sequences showing placement of the two parts in different Nitrospira lineages were discarded as probably chimeric. Phylogenetic trees of Nitrospira lineages I and II were calculated using maximum likelihood inference (AxML) (Stamatakis et al., 2002) , neighbor joining (ARB implementation, Felsenstein distance correction model) and maximum parsimony within the PHYLIP package (Felsenstein 1989 ) with a 50% conservation filter for the phylum Nitrospirae that included 1409 unambiguously aligned nucleotide positions.
Probe design, FISH, microscopy and digital image analysis To design 16S rRNA-targeted oligonucleotide probes specific for single phylogenetic clusters within Nitrospira lineage I or II, we screened the Nitrospira 16S rRNA sequences from the two WWTPs for probe target regions with cluster-specific single-nucleotide polymorphisms. The new probes should distinguish the Nitrospira clusters, which occurred in the same WWTP, from each other rather than from Nitrospira in other habitats or from other bacteria. To compensate for a possible lack of specificity outside the genus Nitrospira, these probes were combined with established specific probes targeting the entire Nitrospira lineages I or II or the whole genus, respectively, which were labeled with a different fluorochrome (Supplementary Table S1 ). The optimal hybridization and washing conditions for each new probe were inferred from probe dissociation curves with the targeted 16S rRNA molecules as described elsewhere (Daims et al., 1999) by using Clone-FISH (Schramm et al., 2002) and the image analysis software daime (Daims et al., 2006a) . The specificity of the new probes within the Nitrospira communities was confirmed in FISH experiments with non-target Nitrospira 16S rRNA (also obtained by Clone-FISH) with one nucleotide mismatch at the probe binding sites. Probes were 5' labeled with the fluorochromes Cy3, Cy5 or FLUOS. Unlabeled competitor probes (Supplementary Table S1 ) and double-labeled probes (to increase fluorescence intensity) (Stoecker et al., 2010) were used when necessary. All probes were obtained from Thermo Hybaid (Ulm, Germany).
FISH was performed according to Daims et al. (2005) with hybridization times of 2-16 h (Supplementary Table S1 ). Images of probe-conferred fluorescence were recorded by using a confocal laser scanning microscope (510 Meta; Zeiss, Oberkochen, Germany). The relative abundance (biovolume fraction) of specific Nitrospira clusters (compared with all Nitrospira detected by probe Ntspa662, to all lineage II Nitrospira detected by probe Ntspa1151 or to all lineage I Nitrospira detected by Ntspa1431) was measured by quantitative FISH as described elsewhere (Daims and Wagner, 2007) and by using the daime software. In situ spatial arrangement patterns of Nitrospira and AOB were quantified as described previously (Daims et al., 2006a) . Briefly, the pair cross-correlation function was estimated, by image analysis, for a range of mm distances between two FISH probedefined target groups. For each distance, the pair cross-correlation function indicates the likelihood that the two analyzed groups are within this distance compared with a random arrangement of cells. Further details of FISH and image analysis are provided in Supplementary Text S1. (Lee et al., 1999) . For each experiment, at least 30 (up to 164) microcolonies of each analyzed Nitrospira phylogenetic cluster were inspected for the presence or absence of a MAR signal and counted. w 2 Tests of significance were performed between incubations involving the same carbon source and Nitrospira cluster by using IBM SPSS Statistics 21.0. We could not exclude the possibility that environmental parameters such as temperature and pH, which were kept constant in all incubations, were suboptimal for some of the studied Nitrospira phylogenetic clusters and thus caused different levels of the metabolic activity of these NOBs. Therefore, the results of the different incubations (fractions of MAR-positive microcolonies) were compared only for the same Nitrospira cluster but not between different clusters.
FISH and microautoradiography

Long-term incubation
Activated sludge from WWTP Vetmed (sampled in November 2010) was diluted 1:4 in filter-sterilized (0.2 mm) sludge supernatant. Sludge aliquots of 50 ml were incubated in 200 ml glass bottles sealed with aluminum caps with a polytetrafluoroethylene butyl septum (Carl Roth, Karlsruhe, Germany) in the dark at 20 1C and in the presence of 0.05 or 1 mM nitrite. These nitrite concentrations support the growth of Nitrospira isolates and enrichments (Ehrich et al., 1995; Spieck et al., 2006) , and in preliminary experiments using these nitrite concentrations and H 14 CO 3 À , we observed MAR-positive Nitrospira microcolonies in sludge from WWTP Vetmed (data not shown). All incubations were performed in duplicates. During the 51 days of incubation, the nitrite concentration was frequently checked colorimetrically (Supplementary Text S1) and nitrite was replenished regularly by using peristaltic pumps. To avoid carbon depletion, 10 mM of NaHCO 3 was added on days 27 and 47. The pH was measured every 1-2 days and adjusted to 7.6 by adding HCl when necessary. To prevent nitrate accumulation and possible trace element or cofactor depletion, culture supernatant was replaced by filter-sterilized activated sludge supernatant every 7-10 days. Air was pumped into the headspace for 2 min every 4 h by using an aquarium pump (Eheim 106001; Eheim, Deizisau, Germany), and the cultures were continuously shaken at 90 r.p.m. to ensure sufficient aeration. Samples were taken at five time points and were formaldehydefixed as described above.
Amplicon pyrosequencing of Nitrospira nxrB
The nxrB genes of Nitrospira were PCR amplified from WWTP Ingolstadt-activated sludge (sampled in November 2008). DNA extraction, PCR with primer set nxrB169f/nxrB638r, 454 amplicon sequencing and bioinformatics analyses were performed as described previously (Pester et al., 2013) . Approximate species-level operational taxonomic units (OTUs) were formed by clustering the nxrB reads with 95% nucleotide sequence identity as cutoff (Pester et al., 2013) . Representative sequences from selected OTUs were added to an nxrB reference tree (Pester et al., 2013) by using the parsimony interactive tool of ARB or the maximum likelihood-based evolutionary placement algorithm (Berger et al., 2011) , respectively, without changing the overall tree topology. The reference tree was based on the tree of Pester et al. (2013) but contained additionally the two paralogous nxrB copies of Nitrospina gracilis (Lü cker et al., 2013) as outgroup.
Accession numbers
The 16S rRNA gene sequences obtained in this study have been deposited at GenBank under accession numbers KJ480818-KJ480936. The nxrB sequences were submitted to the Sequence Read Archive (SRA) at GenBank under the accession number SRA047303. Table S2 ). Based on these sequence data, phylogenetic clusters within the main Nitrospira lineages I and II were defined. The criterion used for clustering was that all members of the same cluster must form a monophyletic group in at least one phylogenetic tree (ideally in all trees calculated by different treeing methods). The smallest identified monophyletic groups were defined as separate clusters to maximize the phylogenetic resolution of the grouping. Sequences within the same cluster were highly similar to each other, with identities ranging from 98.6% to 99.9%, but high sequence identities were also observed between different clusters (ranging from 95.8% to 99.6%). In total, 11 clusters were defined, some of which contained only sequences from one of the two studied WWTPs (Figure 1 ). One lineage I (Ingolstadt clone 43) and one lineage II sequence (Vetmed clone 09-19) did not group with other sequences from this study (Figure 1 ). Several clusters contained also Nitrospira sequences retrieved in other studies from WWTPs, bioreactors and iron-oxidizing biofilm (Figure 1 and Supplementary Table S2 ).
Results
Nitrospira 16S rRNA gene diversity in two WWTPs
In situ detection of closely related Nitrospira To confirm that the Nitrospira sequence clusters represented autochthonous community members in the two WWTPs and did not result from transiently present cells, naked DNA or PCR and sequencing errors, FISH experiments were carried out to detect the Nitrospira clusters in situ. For this purpose, new 16S rRNA-targeted oligonucleotide probes were designed based on the sequences in each cluster (Supplementary Table S1 ). Owing to the high 16S rRNA sequence identities between the different Nitrospira clusters (see above), the design of cluster-specific probes had to rely on SNPs at the probe binding sites to distinguish the clusters. As unique SNPs were rare, we could not design a universally specific probe for each cluster. Instead, the new probes specifically distinguished the clusters found in the same WWTP but might have been unspecific if applied to the respective other WWTP or to samples from other environments. Therefore, each new probe was applied to only one of the WWTPs analyzed in this study (Figure 1 ) and use of these probes on other samples is not recommended.
In WWTP Vetmed, Nitrospira clusters Id, Ie, IIa, IIb and IIc were specifically detected by FISH (Figures 2a-c) , demonstrating that these Nitrospira indeed coexisted in the WWTP. Notably, probe Ntspa1012 targeting cluster Ie has no base mismatch to Vetmed clone 09-2, which is outside cluster Ie (Supplementary Table S2 ) but could thus not be distinguished from cluster Ie by FISH using this probe. In WWTP Ingolstadt, clusters Ia, Ib and Ig were detected by the respective FISH probes (Figures 2d and e) . Cluster IIa was detected in WWTP Ingolstadt by probe Ntspa1151 targeting Nitrospira lineage II (no specific probe was applied because cluster IIa were the only lineage II-related Nitrospira found in this WWTP; Figure 1 ). The other Nitrospira clusters ( Figure 1) were not detected by FISH (for details see Supplementary Text S1). All Nitrospira clusters identified in situ hybridized also to the Nitrospira genus-specific probe Ntspa662 and, except cluster Ig, to the respective group-specific probes targeting Nitrospira lineages I or II (Supplementary Table S1 and Figure 2 ).
All Nitrospira formed spherical or irregularly shaped microcolonies as typically observed for these NOB in activated sludge (Juretschko et al., 1998;  Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al Daims et al., 2001a) (Figure 2 ). As none of these microcolonies hybridized to more than one of the cluster-specific probes in each WWTP (Figure 2 ), we can largely exclude the possibility that the sequence clusters (Figure 1 ) might represent multiple 16S rRNA gene copies of very few Nitrospira strains. This result of FISH is in agreement with the presence of only one rrn operon in the genomes of 'Ca. N. defluvii ' (Lü cker et al., 2010) and N. moscoviensis (unpublished data). Clusters also containing Nitrospira sequences from other environments are marked with black in addition to the colors, whereas groups that fully consist of sequences from other sources are drawn completely black. Numbers within parentheses behind cluster names indicate the numbers of sequences in the clusters. The names of FISH probes used to detect the different clusters in situ are indicated together with the name of the respective WWTP and in the matching color. Horizontal gray bars, which link the clusters and probe names, illustrate that each probe was designed for and applied to only one Nitrospira community (in the respective WWTP). Circles on tree branches indicate the support by other treeing methods of the respective monophyletic clusters. Sequences of Nitrospira lineage IV were used as outgroup. The scale bar indicates 1% estimated sequence divergence. The accession numbers of the sequences in each cluster are listed in Supplementary Table S2 .
Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al related Nitrospira clusters apparently coexisted during prolonged periods for which a sparse set of activated sludge samples was available (B6 years for WWTP Vetmed and B4 years for WWTP Ingolstadt) (data not shown). Interestingly, the cooccurrence of the lineage II Nitrospira clusters in the samples from WWTP Vetmed was accompanied by pronounced shifts in the lineage II Nitrospira community composition (Supplementary Text S1 and Supplementary Figure S1 ). The detection of a diverse community of stably coexisting, closely related Nitrospira raised the question of whether these organisms are functionally different and coexist by ecological niche partitioning. To address this question, we took advantage of the unique possibility to detect, distinguish and quantify the closely related Nitrospira in situ and to monitor their substrate utilization by FISH-MAR.
Preference for different nitrite concentrations
We carried out a long-term incubation experiment with activated sludge to test the effects of two ambient nitrite concentrations (0.05 and 1 mM) on different Nitrospira clusters. This experiment was conducted with sludge from WWTP Vetmed, which contained different clusters within both Nitrospira lineages I and II (Figure 1) .
Interestingly, quantitative FISH revealed distinct effects of the two nitrite concentrations on the fine-scale community structure within lineage I. Throughout the experiment, the relative abundance of cluster Ie was significantly higher in the incubations with 1 mM nitrite (Figure 3a) . The situation was reversed for cluster Id, whose relative abundance was higher in the incubations with 0.05 mM nitrite between days 14 and 31 of the experiment. Subsequently, cluster Id declined in all incubations (Figure 3b) .
Observation by non-quantitative FISH revealed no obvious effect of the nitrite concentrations on the different lineage II clusters. During all incubations and in the original sludge sampled for this experiment, cluster IIc was predominant and easily detectable by FISH, whereas clusters IIa and IIb were encountered only sporadically in some of the inspected fields of view (data not shown). As the low abundance of clusters IIa and IIb was close to the detection limit of FISH, quantitative FISH would not be precise enough for measuring small abundance shifts of these extremely rare Nitrospira.
Autotrophic and mixotrophic carbon utilization
Another potentially niche-defining property of Nitrospira could be the utilization of simple organic substrates in addition to nitrite and CO 2 (mixotrophy) (Watson et al., 1986; Daims et al., 2001a; Lü cker et al., 2010) . To test whether closely related Nitrospira differed in their mixotrophic potential and substrate spectrum, the uptake by lineage I Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al clusters of radiolabeled formate, acetate, pyruvate, L-valine and glucose was monitored by FISH-MAR. Based on the genomic inventory of 'Ca. N. defluvii' (a lineage I member), we hypothesized that these substrates might be used by lineage I Nitrospira (Lü cker et al., 2010). These experiments were carried out with sludge from WWTP Ingolstadt as lineage I was more diverse in this WWTP than in WWTP Vetmed (Figure 1 ). Additional incubations with 14 C-labeled bicarbonate instead of organics tested the autotrophic activity of the different lineage I Nitrospira. All incubations were performed in the presence or absence of an inorganic energy source (nitrite or ammonium). The experiments with ammonium were included because Nitrospira might be best adapted to the (unknown) local nitrite concentrations close to nitrite-producing AOB .
All in situ detectable Nitrospira lineage I clusters incorporated bicarbonate and formate, but the fractions of MAR-positive microcolonies varied substantially between clusters and conditions. Cluster Ib was most active with the highest fraction of MAR-positive microcolonies (Po0.001) in all experiments. The autotrophic activity of clusters Ia and Ib was not influenced by the incubation conditions, whereas the percentage of MAR-positive cluster Ig microcolonies was significantly higher in the presence of 1 mM nitrite than in the other incubations with 14 C-bicarbonate (Figure 4) . No Nitrospira assimilated bicarbonate in the absence of nitrite and ammonium (data not shown).
Interestingly, formate utilization was more heterogeneous than CO 2 fixation. When incubated with 1 mM nitrite, formate incorporation by cluster Ib was significantly lower than with 1 mM ammonium or formate alone (Figure 4) . In contrast, the fraction of formate-labeled cluster Ig microcolonies was highest with 1 mM nitrite (Figure 4) . Cluster Ia used formate most actively in the incubation amended with ammonium ( Figure 4) . Finally, only cluster Ib used formate efficiently as the sole substrate (Figure 4 and Supplementary Figure S2) .
No Nitrospira lineage I cluster in WWTP Ingolstadt utilized pyruvate, glucose, acetate or valine, whereas uptake of the latter three substrates by other bacteria was observed. The lack of uptake by Nitrospira may be due to genetic differences of the analyzed lineage I clusters compared with 'Ca. N. defluvii' and awaits explanation until more Nitrospira genomes become available. Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al
Spatial arrangement patterns
In activated sludge flocs and sessile biofilms, Nitrospira coaggregate with AOB because nitrifiers live in mutualistic symbiosis where ammonia oxidizers produce nitrite, which is consumed and detoxified by NOB (Juretschko et al., 1998; Stein and Arp, 1998; Daims et al., 2001a; Almstrand et al., 2013) . Previously, we showed that lineage I Nitrospira occurred closer to AOB microcolonies than members of lineage II, probably because small-scale nitrite concentration gradients formed around AOB, and Nitrospira lineages I and II settled along those gradients according to their different nitrite optima . Here we extended our earlier study, which had analyzed Nitrospira only at the level of main lineages, by quantifying the in situ spatial arrangement of coexisting lineage I members relative to AOB and to each other. Different localization patterns might indicate niche-separating features of these closely related Nitrospira. These analyses were carried out with sludge from WWTP Ingolstadt, where the different Nitrospira clusters were more equally abundant and AOB detected by available AOBtargeted FISH probes were much more abundant than in WWTP Vetmed (data not shown). As the AOB-targeted probes (Supplementary Table S1 ) unexpectedly showed inconsistent hybridization patterns (Supplementary Text S1), only the signal of the AOB-targeted probe Ncom1025 was evaluated. We detected a strong and highly specific tendency of Nitrospira cluster Ig to coaggregate with the Ncom1025-targeted AOB over a distance range from 9 to 54 mm (Figure 5a ). Intriguingly, a completely different pattern was observed for Nitrospira clusters Ia and Ib that were either randomly distributed relative to these AOB (cluster Ia; Figure 5b ) or were even negatively correlated with Ncom1025-targeted AOB up to a distance of 42 mm (cluster Ib; Figure 5c ). Different localization patterns were also detected by comparing the three Nitrospira lineage I clusters with each other (Supplementary Text S1 and Supplementary Figure S3) .
The spatial distribution between Nitrospira targeted by probe Ntspa1151 (specific for Nitrospira lineage II; Supplementary Table S1 ) and the Ncom1025-targeted AOB was also quantified, but no coaggregation was observed (data not shown).
In-depth analysis of Nitrospira richness in WWTP Ingolstadt The Nitrospira richness in WWTP Ingolstadt was assessed in more depth by amplicon pyrosequencing of nxrB. In total, 9549 Nitrospira nxrB reads passed the quality screening criteria described in Pester et al. (2013) . Clustering of these reads using a nucleotide sequence identity threshold of 95%, which is the suggested species threshold for Nitrospira nxrB (Pester et al., 2013) , resulted in 121 Nitrospira species-level OTUs that apparently coexisted in the WWTP. As suggested by a high Good's coverage (Good, 1953) of 0.996, the Nitrospira richness in the amplicon library was almost completely covered by the applied sequencing approach. The ACE and Chao1 nonparametric richness estimators predicted 159 (95% confidence interval 140-195) and 147 (95% confidence interval 132-180) species-level OTUs, respectively. As typical 454 pyrosequencing errors can cause overestimation of microbial diversity (Kunin et al., 2010) , our analysis pipeline combined several approaches for bias reduction including sequence quality screening and filtering, frameshift detection, manual sequence curation and chimera exclusion (Pester et al., 2012 (Pester et al., , 2013 . Thus, the 55 OTUs, which were represented by only one or two quality-controlled 454 reads very likely represent rare Nitrospira species, but we cannot exclude the possibility that some of these rare OTUs result from undetected 454 sequencing errors in single reads. Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al
Only six of the 121 species-level OTUs were high in relative abundance (45%) and together represented approximately 73% of all nxrB sequence reads ( Figure 6 ). As the genomic copy numbers of nxrB range from 2 to 6 in known Nitrospira species (Pester et al., 2013) , the quantitative composition of the amplicon library may be influenced by different nxrB copy numbers in Nitrospira genomes from different OTUs. However, this possible bias would not explain the whole range of observed difference in relative abundance and we conclude that the Nitrospira community composition was highly uneven (Figure 6 ). Phylogenetic analyses were conducted with representative sequences from the species-level OTUs (Supplementary Table S3 and Supplementary Figure S4 ). In total, 79 (65%) of the OTUs were closely related to Nitrospira lineages I or II that were originally defined based on 16S rRNA gene phylogenies (Daims et al., 2001a) and are also resolved in nxrB-based phylogenetic trees (Pester et al., 2013) . Four OTUs of low abundance were tentatively assigned to a new 'WWTP Ingolstadt 454 lineage' based on their position in the genus Nitrospira, but outside established lineages in the nxrB reference tree (Supplementary Figure S4 and Supplementary Table S3 ). The phylogenetic position of 38 OTUs within the genus Nitrospira was ambiguous (Supplementary Table S3 ), and some of these unassigned OTUs were abundant in the nxrB amplicon library (Figure 6 ).
Discussion
In two full-scale WWTPs, application of the full-cycle rRNA approach revealed an unexpectedly high diversity of closely related Nitrospira that coexisted over several years. Moreover, in one of the WWTPs as many as 121 species-level OTUs of Nitrospira were detected by nxrB pyrosequencing, highlighting the enormous amount of apparently coexisting Nitrospira that escape or avoid competitive exclusion in these man-made systems.
Activated sludge offers microhabitats due to the spatial heterogeneity of flocs that lead to strong gradients of electron donors and acceptors (e.g., Schramm et al., 1999; Maixner et al., 2006) . This and temporal variations of environmental parameters during the operation of WWTPs (e.g., Daims et al., 2001a) may support the coexistence of NOB strains with different ecophysiological adaptations (niche partitioning). For various microorganisms other than NOB, ecological niche partitioning of closely related strains has been inferred from covariation of the strains with environmental parameters or other organisms (e.g., Coleman and Chisholm, 2007; Fuhrman and Steele, 2008; Hunt et al., 2008; Koeppel et al., 2008; Zo et al., 2008; Connor et al., 2010; Denef et al., 2010; Brown et al., 2012) . Niche partitioning of closely related strains was also suggested by differential pigmentation of phototrophs (e.g., Acinas et al., 2009; Haverkamp et al., 2009) , by differences in gene content, protein expression and metabolites (Denef et al., 2010; Pena et al., 2010) , by in silico evolutionary simulations (Koeppel et al., 2008; Connor et al., 2010; Becraft et al., 2011) and by comparisons of isolates (e.g., Hunt et al., 2008; Acinas et al., 2009; Malmstrom et al., 2010; Pena et al., 2010; Verbeke et al., 2011) . All these approaches yielded important insight into functional traits of closely related microorganisms. However, actual phenotypic differences have mainly been demonstrated for cultured isolates. In contrast, ecophysiological studies of specific, closely related, uncultured microorganisms directly in environmental samples have to our knowledge not been undertaken yet. Filling this research gap is important because isolating a collection of closely related strains of slow-growing microbes from a sample is an enormous challenge, and observations made with pure cultures or artificial mixtures of isolates do not reflect the situation in complex communities. Here, the detection of a high diversity of uncultured Nitrospira by FISH with SNP-discriminating, rRNA-targeted probes paved the way for first in situ experiments to elucidate the ecophysiology and coexistence of closely related Nitrospira. Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al
Niche differentiation of closely related Nitrospira
This study provides multiple lines of evidence for ecological niche partitioning of coexisting lineage I Nitrospira in two WWTPs (Figures 3-5) . In a longterm incubation experiment, the Nitrospira from WWTP Vetmed were exposed to different nitrite concentrations and had to compete under these conditions. Their abundance shifts indicated that cluster Ie was more competitive in the presence of a high nitrite concentration than with a low nitrite level, whereas cluster Id showed the opposite trend (Figure 3 ). The decline of cluster Id in all replicates toward the end of the experiment (Figure 3b ) indicated that these microbes were not well adapted to the incubation conditions (e.g., the intensity of aeration that was identical in all incubations) and were finally outcompeted by other lineage I Nitrospira. This suggests additional ecophysiological differences not identified in our study. Ecological niche partitioning was also shown by FISH-MAR analyses of three Nitrospira lineage I clusters in WWTP Ingolstadt with respect to carbon assimilation (Figure 4) . Interestingly, all three Nitrospira clusters utilized formate, although to a different extent (Figure 4 ). To the best of our knowledge, this study is the first to demonstrate experimentally the use of formate by Nitrospira. This feature of Nitrospira could be advantageous close to anoxic niches in sludge flocs or biofilm, where formate may be released by fermenting microorganisms, or in nitrifying bioreactors treating sludge liquor from anaerobic digesters. Indeed, the source reactor of these Nitrospira at WWTP Ingolstadt treats sludge liquor. As formate is oxidized to CO 2 by formate dehydrogenase and CO 2 is then fixed (Lü cker et al., 2010) , its use as a carbon source is not advantageous compared with autotrophy. However, as electron donor with a much lower redox potential, formate should be a better energy source than nitrite. Nevertheless, clusters Ia and Ig apparently required nitrite (added directly to the medium or provided by ammonia oxidation) for carbon assimilation from formate (Figure 4) , in contrast to cluster Ib that seemed to be highly efficient in using formate as carbon and also as energy source. The MAR labelling of each Nitrospira cluster was never completely positive or negative. Instead, different fractions of the counted microcolonies from the same Nitrospira cluster were MAR-positive in the various experiments (Figure 4 ). This heterogeneity may indicate activity differences between microcolonies or further ecophysiological diversification at finer phylogenetic scales than resolved by our FISH approach.
Moreover, the three Nitrospira lineage I clusters in WWTP Ingolstadt showed different localization patterns relative to probe Ncom1025-targeted AOB, indicating niche separation in addition to the differential use of formate. Only cluster Ig coaggregated with these AOB (Figure 5 ), suggesting that the symbiosis among nitrifiers can be selective at the phylogenetic level studied here. We cannot exclude that additional specific coaggregation existed also between any of the Nitrospira clusters and other AOB, but could not verify this due to the inconsistent hybridization patterns of the AOB-targeted probes 6a192 and NEU (Supplementary Text S1). The coaggregation of cluster Ig with AOB indicates that these Nitrospira may prefer high nitrite levels found in the close vicinity of AOB microcolonies . Consistently, FISH-MAR showed a strong increase in the CO 2 fixation by cluster Ig in the presence of a high nitrite concentration (1 mM) (Figure 4 ). However, a specific spatial distribution might also reflect other AOB-NOB interactions such as an exchange of excreted organics or the utilization of siderophores produced by the respective partner (Chain et al., 2003) . Similarly, a negative spatial correlation as observed for cluster Ib and the Ncom1025-targeted AOB (Figure 5c ) could indicate for example competition for oxygen or limited co-factors required by both groups. Recently, distinct cocorrelation patterns were described for terrestrial Nitrospira and AOA (Pester et al., 2013) . Thus, specific interactions among nitrifiers of different phylogenetic lineages could be a widespread and interesting phenomenon that awaits further analysis. Alternatively, the positive and negative spatial correlation of Nitrospira clusters Ig and Ib with Ncom1025-targeted AOB may be caused by preferences for similar or dissimilar environmental conditions within sludge flocs rather than by specific interactions. This would indicate distinct habitat requirements of clusters Ia, Ib and Ig. The lack of coaggregation between AOB and lineage II Nitrospira contrasts previous results obtained for other WWTPs and could be caused by similar effects as discussed for lineage I clusters (see above) or might even indicate that these Nitrospira did not rely on nitrite as energy source.
In summary, our results show that ecological niche differentiation has a role for the coexistence of closely related Nitrospira in WWTPs. The impact of other factors, such as microbial predation (Dolinšek et al., 2013) , on Nitrospira community structures remains to be determined.
Function of a diverse Nitrospira community
The continuous presence of several closely related members with different ecophysiology may have interesting implications for Nitrospira community function. The resulting more efficient use of the available niche space might improve the performance of nitrite oxidation, as shown for other functionally redundant groups and processes (Tilman et al., 1997; Loreau et al., 2001; Cardinale, 2011) . Furthermore, a diverse Nitrospira community may be advantageous for the stability of nitrite oxidation due to a favorable diversity-stability Functionally relevant high Nitrospira diversity C Gruber-Dorninger et al relationship (Yachi and Loreau, 1999; Daims et al., 2001b; Elmqvist et al., 2003; Tilman et al., 2006; Eisenhauer et al., 2012) . With few Nitrospira OTUs being highly abundant at a particular time, a large diversity of less abundant Nitrospira (Figure 6 ) may act as seed bank for compensatory growth after disturbances such as changes in the wastewater composition in a WWTP or phage attack. As closely related strains can show high genomic plasticity (e.g., Thompson et al., 2005; Cuadros-Orellana et al., 2007; Denef et al., 2010; Albertsen et al., 2012) , a high Nitrospira diversity may also represent a large pool of potentially advantageous genes or alleles that could be exchanged by horizontal transfer within the Nitrospira community (e.g., Cuadros-Orellana et al., 2007; Simmons et al., 2008; Cordero et al., 2012) or homologous recombination (Eppley et al., 2007; Denef and Banfield, 2012) , respectively.
Implications for future nitrification research
While past studies almost exclusively analyzed Nitrospira in WWTPs at the level of the whole genus or its major lineages (e.g., Schramm et al., 1998; Daims et al., 2001a; Maixner et al., 2006; Park and Noguera, 2008) , our results imply that a higher phylogenetic resolution is needed to understand the ecophysiological diversification and abundance dynamics of these organisms. Still, it remains to be determined which units of diversity comprise ecologically cohesive Nitrospira populations. For example, all analyzed Nitrospira clusters contained highly similar but not identical 16S rRNA sequences ( Figure 1 and Supplementary Table S2 ). These sequences might represent Nitrospira with further functional differentiation or just allelic diversity of the 16S rRNA gene among ecophysiologically identical Nitrospira. Moreover, as we analyzed only two relatively highly conserved marker genes coding for 16S rRNA and nxrB, the detected Nitrospira diversity may only be the tip of an iceberg. A next step could be genome-wide comparative analyses of coexisting Nitrospira complemented by physiological experiments to validate genome-based hypotheses on metabolic functions. With single-cell genomics (Blainey, 2013) and methods to study single-cell ecophysiology in situ Wagner, 2009) , the required tools would in principle be available. If ammonia oxidizers are also included, nitrifiers in WWTPs can become model organisms for studying functional and evolutionary aspects of bacterial diversity with a high phylogenetic resolution, also in the context of symbiosis, in an easily accessible but complex model ecosystem (Daims et al., 2006b ).
